Introduction
============

Schizophrenia is a common and devastating brain disease caused by the complex interplay of multiple genetic and environmental factors.^[@bib1]^ Despite considerable research effort, the pathophysiology of the disease is not well understood. Genetic studies undertaken to identify the possible cause of the disease have yielded numerous candidate genes and genetic variations.^[@bib2],\ [@bib3]^ However, most candidates have not been well replicated or validated.^[@bib4]^ The most consistent finding from the genetic studies is an association between schizophrenia and SNPs on chromosome 6p spanning the major histocompatibility complex region.^[@bib2],\ [@bib3]^ This result suggests that genetic diversity in the immune system may confer risk of schizophrenia.

Although genome-wide expression profiling using microarray technology has identified abnormalities in several biological processes including synaptic function and mitochondrial function,^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ abnormalities have also been detected in immune/inflammation response in the brain of schizophrenia cases,^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ although there are inconsistencies between the various studies. However, recent advances in massively parallel sequencing methodology such as messenger RNA (mRNA) sequencing (RNA-Seq) can provide more accurate, sensitive and reliable gene expression data than microarrays.^[@bib14],\ [@bib15]^ Indeed, recent RNA-Seq studies have revealed an increase in inflammatory markers in the prefrontal cortex^[@bib16]^ and a dysregulation of immune-related genes in the blood of individuals with schizophrenia.^[@bib17],\ [@bib18],\ [@bib19]^ Whole-genome expression data such as these may be used to explore possible associations between abnormal gene expression and other markers of neuropathology in the brain of schizophrenia cases.^[@bib20]^ These associations may reveal molecular mechanisms that underlie the pathophysiology of mental disorders and point to targets for medication development. Although a number of neuropathological abnormalities have been identified in the brain of individuals with schizophrenia,^[@bib21],\ [@bib22],\ [@bib23]^ a reduction in the density of GABAergic neurons^[@bib24]^ and of perineuronal oligodendrocytes^[@bib25]^ appear to be among the most robust findings. Our previous study using a correlation analysis between genome-wide microarray expression data and the density of brain cells in the frontal cortex revealed multiple biological processes as abnormal in schizophrenia.^[@bib20]^

Here we sequence mRNA from the hippocampus of individuals with schizophrenia and unaffected controls to identify the differentially expressed genes. We then performed a co-expression network analysis to examine the effects of confounding variables and to confirm which biological processes are altered in the hippocampus of the schizophrenia cases.

Materials and methods
=====================

Brain samples
-------------

RNA for the sequencing study was extracted from postmortem hippocampal sections from subjects in the Stanley Neuropathology Consortium (SNC).^[@bib26]^ Additional RNA for qRT-PCR was extracted from the hippocampal sections from subjects in the Array Collection. The SNC contains 15 well-matched cases in each of four groups: schizophrenia, bipolar disorder, major depression and unaffected controls.^[@bib26]^ The Array Collection is an independent tissue collection containing 35 cases in each of three groups: schizophrenia, bipolar disorder and unaffected controls. The groups from both tissue collections are matched for descriptive variables such as age, gender, race, postmortem interval, mRNA quality, brain pH and hemisphere. The collections have been used for numerous neuropathology studies, gene expression microarray studies and SNP association studies. For RNA-Seq, hippocampal RNA was obtained from 14 schizophrenia cases and 15 unaffected controls in the SNC. One schizophrenia case was excluded because of poor quality of RNA. For qRT-PCR validation, RNA was extracted from 20 randomly selected schizophrenia cases and 19 controls from the Array Collection and included with the samples from the SNC to gain adequate detection power. Descriptive variables are listed in the [Table 1](#tbl1){ref-type="table"}.

Library preparation and mRNA sequencing
---------------------------------------

Extracted total RNA was analysed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Total RNA (1 μg) was subjected to two rounds of hybridization to oligo(dT) beads (Dynal, Carlsbad, CA, USA). The resulting mRNA was then used as a template for cDNA synthesis. The mRNA was randomly fragmented to between 200 and 700 bp by focused acoustic shearing (Covaris, Woburn, MA, USA) and converted to first strand cDNA using Superscript III (Invitrogen, Carlsbad, CA, USA), followed by second-strand cDNA synthesis using *Escherichia coli* DNA pol I (Invitrogen). The double stranded cDNA library was further processed by Illumina Genomic DNA Sample Prep kit (San Diego, CA, USA). It involved end repair using T4 DNA polymerase, Klenow DNA polymerase and T4 polynucleotide kinase followed by a single \<A\> base addition using Klenow 3′ to 5′ exo- polymerase, and was ligated with Illumina\'s adaptor oligo mix using T4 DNA ligase. Adaptor-ligated library was size selected by electrophotetic separaton on a 2% agarose gel and excising the library smear at 500 bp. The library was PCR amplified for 18 cycles using phusion polymerase and purified by Qiaquick PCR Purification Kit (Qiagen, Carlsbad, CA, USA) and quantified by Quant-iT picogreen dsDNA Assay Kit (Invitrogen) following the manufacturer\'s protocol.

We then prepared Genome Analyser (GA) paired-end flow cell on the supplied Illumina cluster station and generated 50-bp paired-end sequence reads on the Illumina GA platform following the manufacturer\'s protocol. Images taken during the sequencing reactions were processed in three stages by Illumina\'s software: Firecrest performed image analysis, base-calling was done by Bustard and the sequence analysis was performed with Gerald.

Reads mapping and quantification of gene expression
---------------------------------------------------

All reads were mapped to UCSC H. sapiens reference genome (build hg18) using TopHat v2.0.0 with UCSC refFlat gene model annotation file on the --G parameter.^[@bib27]^ We used the expected mean inner distance between mate paired-ends as --*r* parameter. TopHat calls Bowtie v0.12.7 to perform the alignment with no more than two mismatches. We used the pre-built index files of UCSC H. sapiens hg18, which are downloaded from the TopHat homepage (<http://tophat.cbcb.umd.edu/index.html>). The quantification of gene expression was accomplished by HTseq v0.5.3p9 and edger package (<http://www.bioconductor.org/packages/2.11/bioc/html/edgeR.html>). All mapped read counts of the genes were counted by htseq-count (subprogram of HTseq) with UCSC refFlat gene model annotation file, no strand-specific option, and intersection-nonempty option.

Validation RNA-Seq results using Stanley Neuropathology Consortium Integrative Database
---------------------------------------------------------------------------------------

The Stanley Neuropathology Consortium Integrative Database (SNCID) (<http://sncid.stanleyresearch.org/>) is an online archival database with data mining tools for analysing neuropathology markers, microarray data and SNP data from the SNC.^[@bib28]^ qRT-PCR data of *APOL1* from frontal cortex (BA9 and BA11) and of *IFITM2* from frontal cortex, occipital cortex and thalamus were analysed using non-parametric variance analysis tool in the SNCID. Density of parvalbumin (PV)-containing neurons in the hippocampus (five sub-regions) was also analysed using the analysis tool.

qRT-PCR validation
------------------

Amplified transcriptome was used for qRT-PCR validation because only limited amounts of RNA were available from the hippocampus of the same subjects. 20 ng of hippocampal RNA from each subject was diluted in DEPC treated water to 10 ng μl^−1^ and adjusted to a volume of 5 μl with nuclease-free water for each whole-transcriptome amplification. A standard 2 h reaction with the QuantiTect Whole Transcriptome Kit (Qiagen) allowed for a uniform amplification of all transcripts within each RNA sample. Quantification of the amplified cDNA was carried out as described in the whole transcriptome kit\'s protocol using the Quanti-iT PicoGreen dsDNA reagent (Invitrogen). The samples were then diluted to 2 ng μl^−1^ in nuclease-free water for qPCR with SYBR Select Master Mix (Carlsbad, CA, USA) (ABI). Each sample was run four times in 20 μl qPCR reactions (SYBR Select 2X, 0.6 μ[M]{.smallcaps} Primer, 10 ng cDNA) and loaded onto a 384 well plate using an epMotion 5075 (Eppendorf, Hauppauge, NY, USA). Fluorescence detection and qPCR were carried out in an ABI Prism 7900HT Sequence Detection System (ABI). After excluding potential outliers from each sample, we retained at least three technical replicates from each sample for analysis. qPCR was carried out in this method for seven genes of interest (*ADORA2A*, *APOL1*, *CD163*, *IGFBP4, IFITM1, IFITM2, IFITM3*). The specific primers for the genes were designed using Primer3 ^[@bib29]^ except for *IFITM1* and *IFITM3*. PCR primers for *IFITM1* were obtained from Qiagen (Hs_IFITM1_2\_SG, QuantiTect primer assay). *IFITM3* primers were designed based on a previous study^[@bib30]^. PCR primers are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. The data was normalized using three housekeeping genes (*ACTB2*, *HPRT1*, *TFRC1*) that were acquired from Qiagen\'s bioinformatically verified collection of QuantiTect Primer assays. qPCR reactions were run on 2% agarose gels (100 ml 0.5 × TAE, 2 g agarose, 5 μl EtBr) and the dissociation curves were also checked for evidence of nonspecific amplification. For further validation samples were sequenced using the Sanger method. One schizophrenia case was excluded from the statistical analysis because no amplification was detected for most of the genes.

Statistical analysis
--------------------

Ct values from qRT-PCR were converted to the linear values using standard curves. Expression levels of *ADORA2A*, *APOL1*, *CD163*, *IGFBP4, IFITM1, IFITM2 and IFITM3* were normalized to geometric means of three housekeeping genes. The normalized expression levels were log 10 transformed because those were not normally distributed. Then, descriptive variables were tested for identification of potential confounding factors. The effects of the continuous variables such as age, brain pH, postmortem interval, body mass index, lifetime exposure to antipsychotics and RNA integrity number (RIN) on the transformed qRT-PCR data were examined by Pearson correlation test. The categorical variable, sex and smoking were tested by *t*-test. The qRT-PCR data was statistically analysed with an analysis of covariance model (StatView, SAS, Cary, NC, USA). Differences in the gene expression levels between schizophrenia and controls were examined using an analysis of covariance model (StatView). *P*-values less than 0.05 were considered significant.

Gene co-expression network analysis
-----------------------------------

Unsupervised co-expression network analysis was performed using the Weighted Correlation Network Analysis in R.^[@bib31]^ The co-expression network was generated using normalized RNA-Seq data of all genes in the hippocampus of schizophrenia and normal controls. The minimum module size and the minimum height for merging modules were set at 30 and 0.25, respectively. Correlation between co-expression modules and traits such as disease, demographic variables and clinical variables were performed to identify modules associated with schizophrenia and/or confounding factors. Raw data for the density of PV-containing neurons in the hippocampus were used as a trait after downloading from the SNCID in order to identify modules that may be associated with the density of these neurons. The co-expression module was visualized using VisANT.^[@bib32]^

Functional annotation and enrichment map
----------------------------------------

DAVID (<http://david.abcc.ncifcrf.gov/home.jsp>) was used to identify the biological processes that were significantly over-represented by differentially expressed genes between schizophrenia and normal controls as well as genes included in the co-expression modules.^[@bib33]^ False discovery rates less than 0.1 were considered significant. To visualize biological processes and to overcome gene-set redundancy, the enrichment map was then generated with the DAVID output file.^[@bib34]^ Enrichment significance threshold was set at *P*-value less than 0.005 and false discovery rate less than 0.25. Overlap coefficient was set at 0.5

Immunohistochemistry
--------------------

Fresh frozen sections of the hippocampus from two control and two schizophrenia cases were stained with antibodies to identify the specific cell types that express the protein encoded by six of the differentially expressed genes. The six selected were S100A8, S100A9, CD163, HP (haptoglobin), APOL1 (Apolipoprotein L1) and ADORA2A (adenosine receptor 2A). Details of the antibodies used and dilutions are described in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. Sections were thawed and fixed in 4% paraformaldehyde before primary antibody was applied overnight at 4 °C. Following washes, sections were incubated in biotinylated secondary antibody, washed and incubated with avidin--biotin--peroxidase complex (Vectastain ABC kit, Vector Laboratories, Burlingame, CA, USA), treated with 3,3′-Diaminobenzidine, washed, stained with Nissl and coverslipped.

Results
=======

Differential gene expression in the hippocampus of individuals with schizophrenia
---------------------------------------------------------------------------------

We performed whole-genome expression profiling using RNA-Seq data from the hippocampus of individuals with schizophrenia and unaffected controls to identify differentially expressed genes. For each sample, an average of 62.6 million 53-bp reads was generated ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Sequence reads were mapped to the human reference genome (hg18) and for each sample, the average number of mapped reads was 58.1 million. An average of 89% of all the reads that were mapped was uniquely mapped. We then quantified the aligned read counts and performed statistical analysis. A total of 144 genes were significantly differentially expressed between schizophrenia and unaffected controls in the hippocampus at FDR\<0.05 ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). The expression of 21 genes was downregulated, whereas 123 genes were upregulated in the hippocampus of individuals with schizophrenia as compared with unaffected controls ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). A functional annotation was performed to identify biological processes, which were significantly enriched in the differentially expressed genes. The enrichment map was generated to visualize functional clusters of the enriched biological processes. Three clusters of biological processes were identified: circulatory system process, defence response and polysaccharide catabolic process ([Figure 1](#fig1){ref-type="fig"}). Defence response/inflammatory response/immune response was the main cluster in the enrichment map and the genes involved in the process were predominantly upregulated in the hippocampus of schizophrenic patients as compared with unaffected controls ([Figure 1](#fig1){ref-type="fig"}).

Validation of RNA-Seq results using SNCID database and qRT-PCR
--------------------------------------------------------------

We then validated the differentially expressed genes using data from the SNCID database^[@bib28]^ and qRT-PCR. The SNCID is an archival and mining database, which includes numerous neuropathology data from the same individuals.^[@bib28]^ Hence, the data can be used for independent validation for the RNA-Seq results. The RNA-Seq data showed that PV mRNA expression was significantly reduced in the hippocampus of the schizophrenia subjects as compared with the controls. The density of PV-containing GABAergic neurons were also significantly reduced in the hippocampus of the same individuals with schizophrenia as compared with the same unaffected controls, which is consistent with the RNA-Seq results (All *P*\<0.05, except hippocampus/subiculum) ([Table 2](#tbl2){ref-type="table"}). Data for two other genes that were differentially expressed in the RNA-Seq analysis were also available in the database, although the data was derived from other brain regions. *APOL1* mRNA expression was significantly upregulated in the frontal cortex (BA9) of schizophrenia (*P*=0.02) ([Table 2](#tbl2){ref-type="table"}) and *IFITM2* mRNA was significantly increased in the thalamus of schizophrenia cases as compared with controls (*P*=0.002) ([Table 2](#tbl2){ref-type="table"}).

We validated the differential expression of seven genes from our RNA-Seq results using qRT-PCR. To gain adequate detection power, we included additional samples from the Array Collection for the qRT-PCR validation. Confounding effects of demographic and clinical variables were examined. RIN was significantly correlated with expression levels of the seven genes and brain pH was additionally correlated with *APOL1* (All *P*\<0.05). Body mass index was correlated with expression level of *ADORA2A* and smoking was associated with expression level of *CD163 and IFITM3*. Analysis of covariance revealed that *ADORA2A*, *APOL1*, *IGFBP4, IFITM1, IFITM2 and IFITM3* mRNA levels were significantly increased in schizophrenia ([Figure 2](#fig2){ref-type="fig"}, All *P*\<0.05), which is consistent with the RNA-Seq results. Expression of CD163 mRNA was increased in schizophrenia at trend level ([Figures 2](#fig2){ref-type="fig"}, *P*=0.09).

Co-expression network analysis
------------------------------

To identify altered biological processes in the hippocampus of schizophrenia, we conducted unsupervised gene co-expression network analyses using the normalized RNA-Seq data from both the schizophrenia and control groups. A total of 23 co-expression modules were generated and five modules were significantly associated with schizophrenia ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}). However, three modules were excluded from downstream analysis because they were also significantly correlated with RIN. Module 3 (M3) was a large module consisting of 632 genes ([Figure 3a](#fig3){ref-type="fig"}). Ubiquitination, chromatin modification and protein localization were significantly enriched in the genes of this module ([Figure 3b](#fig3){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). M19 was also a large module and included mainly the differentially expressed genes ([Figure 4a](#fig4){ref-type="fig"}). The I-kappa B/NF-kappa B cascade, cell-mediated immune response and inflammation were significantly enriched in the module ([Figure 4b](#fig4){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Immune-related genes such as *S100A8*, *S100A9*, *IFITM2* and *IFITM3* were included in the module.

Co-expression modules associated with reduced density of PV-containing neurons
------------------------------------------------------------------------------

Gene expression profiling can be used to explore the molecular mechanisms that may underlie neuropathological abnormalities. Thus, we performed a correlation analyses between the co-expression modules, which were associated with schizophrenia, M3 and M19, and the density of PV-containing neurons in five subfields of the hippocampus in the same individuals from which the RNA-Seq data was derived. The density of PV-containing neurons in the five subfields of the hippocampus was significantly reduced in schizophrenia as compared with the normal controls ([Supplementary Table 6](#sup1){ref-type="supplementary-material"}). Both M3 and M19 were significantly associated with the density of PV-containing neurons in CA1 and M19 was also correlated with the density of PV-containing neurons in CA3. This suggests that processes associated with these modules; transcriptional regulation, epigenetic control, immune response and inflammation, may be molecular mechanisms that contribute to the abnormalities found in the PV-containing neurons in the hippocampus of schizophrenia.

Immunohistochemistry of hippocampal tissues
-------------------------------------------

Contrary to expectations, the immune/inflammation-related proteins were not expressed in microglia in the representative cases chosen for this survey. S100A8- and S100A9-positively labelled cells were found in the lumen of blood vessels ([Supplementary Figure 3a, c](#sup1){ref-type="supplementary-material"}) and in capillaries ([Supplementary Figure 3b, d](#sup1){ref-type="supplementary-material"}). The stain could also extend into the parenchyma that surrounded some of the vessels that contained labelled cells. CD163 labelled perivascular monocyte-like cells and both CD163 and HP positively labelled the endothelial cells of blood vessels, but not all blood vessels ([Supplementary Figure 3e, f](#sup1){ref-type="supplementary-material"}). HP stain could also extend into the parenchyma surrounding some of the positively labelled vessels. APOL1 and ADORA2A positively labelled perivascular astrocytic processes ([Supplementary Figure 3g](#sup1){ref-type="supplementary-material"}) and astrocytes adjacent to pial and ependymal surfaces ([Supplementary Figure 3h](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Genome-wide gene expression profiling is an unbiased approach to identify the pathophysiology underlying complex diseases. In this study, we identified genes related to immune response and inflammation that are upregulated in the hippocampus of schizophrenia as compared with unaffected controls. Moreover, our co-expression network analysis identified gene expression modules enriched for the same biological processes that were associated with the variable 'schizophrenia\' and for the variable 'density of PV-containing neurons\'. The RNA-Seq methodology for reliable gene expression profiling has several advantages over microarrays because it is a more sensitive technique and has less confounding effects on gene expression levels. The method has no hybridization bias and almost no batch effects on gene expression.^[@bib14]^ ^[@bib15]^

Previous postmortem studies using microarray^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ and RNA-Seq^[@bib16]^ identified immune/inflammation-related genes that were upregulated in the cerebral cortex of schizophrenia subjects. Our current study replicates these findings in the hippocampus of individuals with schizophrenia. The activation of immune/inflammation-related genes implicates possible environmental insults due to infection or other stressors in the aetiology of schizophrenia. Exposure to viruses or protozoan has been implicated in the aetiology of psychiatric disorders^[@bib35],\ [@bib36]^ and numerous studies have found an increase in peripheral markers of immune activation in schizophrenia.^[@bib37],\ [@bib38],\ [@bib39]^ The relative risk of developing schizophrenia also increases after prenatal infection^[@bib40]^ and animal models of maternal immune activation result in developmental abnormalities in the brain structure and function that reflect those found in psychiatric disorders.^[@bib41],\ [@bib42]^ As we find the immune signal appears to be coming from cells in the blood and at the blood--brain barrier (BBB), the changes we find in the hippocampus could reflect a chronic systemic infection, where infectious agents may increase the risk of schizophrenia by activating immune/inflammation-related markers in the blood and at the BBB that then interact with genetic susceptibility and cause downstream effects on neurons and glia. Alternatively, the changes may result from an immune challenge that occurred during development that then disrupts brain development and leaves an abnormal immune signature in the genetically susceptible individuals.^[@bib43],\ [@bib44]^ Additional factors such as stress or autoimmune responses could also impact immune/inflammation-related genes, perhaps synergistically to produce neuropathology in genetically susceptible individuals.^[@bib45]^

We identified a number of cell types expressing the proteins encoded by the differentially expressed immune/inflammation-related genes in the hippocampus of individuals with schizophrenia. Contrary to previous studies^[@bib16],\ [@bib46],\ [@bib47]^ that have suggested that the microglia are likely to be responsible for the increased expression of immune/inflammation-related genes in the brain of schizophrenia cases, we do not find any of the proteins expressed in microglia, at least not in the representative samples chosen here. S100A8 and S100A9 are calcium-binding proteins known to have antimicrobial activity and to be expressed in myeloid cells, particularly macrophages.^[@bib48],\ [@bib49]^ We show that both proteins appear to be localized to blood monocyte-like cells in the brain, although in some instances they also appear to be excreted into the surrounding brain parenchyma. Monocytes are significantly increased in the blood and cerebrospinal fluid in schizophrenia.^[@bib50],\ [@bib51],\ [@bib52]^ Another upregulated gene that we find expressed in these same monocyte-like cells is Chitinase-3-like-1 (*CHI3L1*; data not shown). *CHI3L1* is upregulated in response to a number of environmental stresses including inflammation and hypoxia^[@bib53],\ [@bib54]^ and a recent meta-analysis shows that polymorphisms in *CHI3L1* confer risk for schizophrenia.^[@bib55]^ Similarly, plasma levels of HP are elevated in schizophrenia and are associated with polymorphisms in the *HP* gene.^[@bib56],\ [@bib57]^ HP, which we find expressed in the endothelial cells of the brain, is a blood plasma protein involved in iron homoeostasis and inflammatory disease^[@bib58]^ and binds free haemoglobin to inhibit oxidative activity and prevent tissue damage.^[@bib59]^ Interestingly, clearance of the haemoglobin--HP complex is mediated by the macrophage scavenger receptor, CD163, which is upregulated in a range of inflammatory diseases.^[@bib60]^ CD163 is expressed on perivascular macrophages that are strategically positioned between the endothelial cells and the basement membranes of cerebral blood vessels^[@bib61],\ [@bib62]^ and appears to be expressed in the endothelial cells of some blood vessels as well. The I*FITM* genes that we find upregulated in the hippocampus are also known to be expressed in the vascular endothelial cells of the brain.^[@bib44],\ [@bib63]^ The IFITM1, 2 and 3 proteins are particularly interesting because they are known to defend against, and to be strongly induced by a number of viruses, including Influenza A and West Nile.^[@bib64],\ [@bib65],\ [@bib66],\ [@bib67]^ Moreover, immune challenge in neonatal mice causes an increase in IFITM3 protein, which appears to be essential for the resulting neuropathological impairments and brain dysfunction, as the impairments do not occur in ifitm3^−/−^ mice receiving the same treatment.^[@bib68]^

In addition to blood cells and endothelial cells, we also find a number of the upregulated markers expressed in the perivascular astrocytes. Apolipoprotein L1 (*APOL1*) is involved in lipid homoeostasis but circulating plasma APOL1 is also a trypanolytic factor that can kill the trypanosome pathogen that causes sleeping sickness.^[@bib69]^ Interestingly, in the brain we find the APOL1 protein expressed in perivascular astrocytes and in astrocytes adjacent to the pial and ependymal surfaces. Similarly, *ADORA2A*, which is a G-protein coupled receptor subtype for adenosine, is also expressed in the perivascular astrocytes in the hippocampus. This is in contrast to its abundant distribution in the neurons of the basal ganglia.^[@bib70]^ ADORA2A is also known to be expressed in lymphocytes and has been implicated in inflammatory disorders.^[@bib71]^ Thus, in the hippocampus these markers, which have all been implicated in immune/inflammatory responses, are expressed in either blood cells or in the endothelial cells and perivascular astrocytes that are situated to monitor factors in the blood. The majority of differentially expressed immune/inflammation-related genes that we find are expressed at this BBB but are only expressed in a small percentage of cells in any one section. The endothelial cells, for example account for only 0.1% of all brain cells^[@bib72]^ and not all endothelial cells were positively labelled, which underscores the sensitivity of the RNA-seq technology that is able to detect the differential expression of these genes. Our findings corroborate a previous microdissection study that focused on vascular endothelial cells of the frontal cortex and detected abnormal expression of inflammatory response genes in the schizophrenia cases as compared with controls^[@bib73]^ and also an electron microscope study, which found utrastructural abnormalities in endothelial cells and astrocytic endfeet in the frontal cortex of patients with schizophrenia.^[@bib74]^ A genetic--inflammatory--vascular theory of schizophrenia has been proposed previously^[@bib75]^ and posits that damage to the microvasculature in the brain may result from genetically influenced abnormal inflammatory responses that are triggered by environmental stressors such as infection, trauma or hypoxia. Our results add support to this theory, as we find cells within, and surrounding, the vasculature that are directly implicated in the dysregulation of the immune/inflammation-related genes. Moreover, these findings indicate that abnormalities previously described in the other cells types of the brain, particularly in the GABAergic neurons in schizophrenia, may be downstream of these BBB abnormalities.

PV-containing GABAergic neurons contribute to the gamma oscillations that are necessary for normal cognitive processing.^[@bib76]^ The abnormalities of PV-containing GABAergic interneurons found in various brain regions of individuals with schizophrenia may contribute to some of the cognitive deficits found in the disease.^[@bib77],\ [@bib78]^ A previous postmortem study found a significant decrease in the density of PV-containing neurons in multiple sub-regions of the hippocampus of the same individuals from which we sequenced the RNA.^[@bib79]^ When we examined the correlation between the density of PV-containing neurons and the co-expression modules associated with schizophrenia, we found two co-expression modules that were significantly associated with the disease status as well as with the density of PV-containing neurons in the hippocampus. The module M19 included genes associated with immune response and/or inflammation response including *S100A8*, *S100A9*, *IFITM2* and *IFITM3*. Both S100A8 and S100A9 appear to be labelling blood monocyte-like cells whereas IFITM2 and IFITM3 are expressed in endothelial cells in the brain,^[@bib44],\ [@bib63]^ which suggests that these cells are upregulating the markers in response to something in their environment that then effects the function of the PV-containing neurons in the hippocampus and consequently may be related to the cognitive deficits associated with schizophrenia. Preliminary data from the prefrontal cortex has also shown that there is an inverse correlation between the higher *IFITM* mRNA levels in the endothelial cells and markers of the GABAergic neurons in schizophrenia.^[@bib63]^ Interestingly, a recent animal study of mice that have a mild chronic inflammation of the brain (Schnurri-2; an NF-kappa B site-binding protein knockout), have no microglial activation but a decrease in PV levels and multiple cognitive deficits.^[@bib80]^

The results of our RNA-Seq study, which are consistent with previous gene expression profiling studies,^[@bib8],\ [@bib9],\ [@bib10],\ [@bib13],\ [@bib16]^ have shown upregulation of immune/inflammation-related genes in schizophrenia and although there may be limitations to the study due to potential confounding effects on the RNA-Seq data, we believe we have managed to overcome them by performing a system level analysis using the co-expression network analysis to examine the potential confounding effects on the gene expression data. Among the five modules that were correlated with schizophrenia, three modules, M6, M11 and M13 were also correlated with RIN. As RIN is a technical confounding variable, we excluded these three modules from further analysis. The M19 module, which included immune/inflammation-related genes, was also correlated with brain pH. Thus the results may be interpreted with caution and further studies with additional cohorts and brain regions may be required to exclude the possible confounding effects on gene expression profiling. The hippocampus tissue used for the RNA-Seq study included multiple cell types so a future cell-type-specific RNA-Seq study employing laser capture microdissection will provide increased sensitivity and specificity.

In conclusion, this RNA-Seq study supports a hypothesis that activated immune/inflammation may underlie the pathophysiology of schizophrenia and contribute to the cognitive deficits of the disease. It appears that much of the immune/inflammation signal is coming from cells within and adjacent to the cerebral vasculature. Determining if there is a primary abnormality in the cells of the BBB or whether they are responding to signals in the periphery will require further study. Medications that target the immune/inflammatory system may be important for the future prevention or treatment of schizophrenia.
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![(**a**) Biological processes over-represented in differentially expressed genes in the hippocampus between schizophrenia cases and controls and (**b**) heat map of differentially expressed genes related to defence response. Enrichment map for differentially expressed genes in the hippocampus between schizophrenia and controls and the heat map were generated with the Enrichment Map Plugin^[@bib34]^ for Cytoscape programme.^[@bib81]^ Nodes represent functional groups of gene sets and edge thickness is proportion to the overlap between gene sets in the enrichment map.](tp201394f1){#fig1}

![Quantitative real-time (qRT)-PCR validation of RNA-Seq results. Expression levels of selective. Genes related to immune/inflammation were measured by quantitative RT-PCR. ^\#^*P*\<0.1, \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.0001.](tp201394f2){#fig2}

![Co-expression network analysis in the hippocampus. The co-expression module (M3), which is significantly associated with schizophrenia in the hippocampus (**a**) and major biological processes (Gene ontology) over-represented in the genes in the co-expression module (**b**). The top 150 network connections with topological overlap above the threshold of 0.03 were visualized using VisANT^[@bib32]^. Genes related to chromatin/histone modification are blue.](tp201394f3){#fig3}

![Co-expression network analysis in the hippocampus. The co-expression module (M19), which is significantly associated with schizophrenia in the hippocampus (**a**) and major biological processes (Gene ontology) over-represented in the genes in the co-expression module (**b**). The top 150 network connections with topological overlap above the threshold of 0.03 were visualized using VisANT.^[@bib32]^ Differentially expressed genes are blue.](tp201394f4){#fig4}

###### Descriptive variables of samples used in this study

  *Descriptive variables*                     *RNA-Seq*   *qRT-PCR*                 
  ------------------------------------------- ----------- ------------- ----------- --------------
  Age                                         48.1±10.7   43.6±13.0     45.9±9.0    44.3±10.3
  Sex                                         M9:F6       M9:F5         M23:F11     M23:F10
  PMI                                         23.7±10.0   34.2±15.0     29.6±12.8   32.1±15.9
  Brain pH                                    6.3±0.2     6.2±0.3       6.4±0.3     6.3±0.3
  BMI                                         26.8±5.7    30.6±7.7      28.0±6.7    31.3±8.8
  Smoking[a](#t1-fn2){ref-type="fn"}          3/4/8       7/4/3         8/7/19      20/5/8
  Antipsychotics[b](#t1-fn3){ref-type="fn"}   NA          57000±55945   NA          90849±100080
  RIN                                         7.2±0.8     6.7±0.9       6.5±1.0     6.1±1.0

Abbreviations: BMI, body mass index; PMI, postmortem interval; RIN, RNA integrity number.

Smoking; Yes/No/Unknown.

Fluphenazine milligram equivalents.

###### Neuropathology data in the SNCID

  *Gene*                                *Brain/region*                            *Method*    P*-value*   *Direction*[a](#t2-fn2){ref-type="fn"}
  ------------------------------------- ----------------------------------------- ---------- ----------- ----------------------------------------
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/CA1                           IH            0.008                       ↓
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/CA2                           IH           0.00008                      ↓
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/CA3                           IH            0.016                       ↓
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/CA4                           IH            0.001                       ↓
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/dentate gyrus                 IH            0.002                       ↓
  *PVALB*[b](#t2-fn3){ref-type="fn"}    Hippocampus/ subiculum                    IH             NS                         NA
  *APOL1*[c](#t2-fn4){ref-type="fn"}    Frontal cortex/(BA9)                      qRT-PCR       0.02                        ↑
  *APOL1*[c](#t2-fn4){ref-type="fn"}    Frontal cortex/(BA11)                     qRT-PCR        NS                         NA
  *IFITM2*[d](#t2-fn5){ref-type="fn"}   Frontal cortex                            qRT-PCR        NS                         NA
  *IFITM2*[e](#t2-fn6){ref-type="fn"}   Occipital cortex                          qRT-PCR        NS                         NA
  *IFITM2*[f](#t2-fn7){ref-type="fn"}   Thalamus/MDN[g](#t2-fn8){ref-type="fn"}   qRT-PCR       0.002                       ↑
  *IFITM2*[f](#t2-fn7){ref-type="fn"}   Thalamus/AN[h](#t2-fn9){ref-type="fn"}    qRT-PCR       0.09                        ↑

Abbreviations: IH, immunohistochemistry; qRT, quantitative real time.

↓, decreased in schizophrenia; ↑, increased in schizophrenia.

All data were generated by Zang and Reynold.^[@bib79]^

All qRT-PCR data were generated by Bahn *et al.*^[@bib82]^

qRT-PCR data was generated by Dr E. Jazin *et al.* (unpublished).

qRT-PCR data was generated by Dr P Harrison *et al.* (unpublished).

All qRT-PCR data were generated by Dr T Chu (unpublished).

Thalamus/medial dorsal nucleus.

Thalamus/anterior nucleus.
